Recently, the iridate double perovskite Sr 2 YIrO 6 has attracted considerable attention due to the report of unexpected magnetism in this Ir 5+ (5d 4 ) material, in which according to the J ef f model, a non-magnetic ground state is expected. However, in recent works on polycrystalline samples of the series Ba 2−x Sr x YIrO 6 no indication of magnetic transitions have been found. We present a structural, magnetic and thermodynamic characterization of Sr 2 YIrO 6 single crystals, with emphasis on the temperature and magnetic field dependence of the specific heat. Here, we demonstrate the clue role of single crystal X-ray diffraction on the structural characterization of the Sr 2 YIrO 6 double perovskite crystals by reporting the detection of a
I. INTRODUCTION
The effect of spin-orbit coupling (SOC) on strongly correlated electron systems has demonstrated to be the origin of novel phases [1, 2] , like spin liquids [3] , unconventional magnetism [4, 5] , and topological phases [6] , among others. Also, it has been demonstrated that for an intermediate strength regime, SOC can work together with Coulomb interactions to enhance the electron correlations, leading to spin-orbit driven Mott insulators [7, 8] . The key point is that small changes in these interactions can lead to an enormous variety in the electronic and magnetic behaviors. Specifically in 5d transition metals like Ir the SOC is significant, and comparable to the atomic interactions like crystal electric field ∆ and the on-site Coulomb interaction U. Examples for this scenario are the pyrochlore iridates, which show novel phases like Weyl semimetals [9] [10] [11] , topological Mott insulators [12, 13] , and axion insulators with unusual electromagnetic responses [14, 15] .
The most common oxidation states of iridium are 3+ and 4+. On the other hand oxidation states of 5+ and 6+ are rare and sometimes poorly characterized [16] . The double perovskite structure R 2 MM ′ O 6 may host iridium on the M and/or M ′ position; Ir will be in octahedral coordination in this structure type. Hence, the octahedral crystal electric field splits the 5d levels in a t 2g triplet and a e g doublet. Then, for Ir 4+ (5d 5 electronic configuration) the large SOC acts on the t 2g levels, splitting them into an effective j = 1/2 doublet and an effective j = 3/2 quartet [17, 18] .
According to the strong spin-orbit coupling J ef f model, a non-magnetic j = 0 ground state is expected for double perovskites with Ir 5+ (5d 4 ) as the formal oxidation state. That is the case for the monoclinic Sr 2 YIrO 6 , synthesized for the first time by Wakeshima et al. [19] in 1999 with the aim of studying the magnetic properties of 5d transition metal oxides in which the metal ions are in an unusual oxidation state. As expected, no transition into a long-range ordered state was observed. However, recently a report by Cao et al. on this system [20] reports that a strong non-cubic crystal field (due to the flattening of the IrO 6 octahedra) together with an "intermediate-strength" spin-orbit coupling, leads to a different ground-state configuration, i.e. an antiferromagnetic ground state with T N = 1.3 K. The emergence of magnetic ordering was evidenced in magnetization studies at 7 T as well as in specific heat measurements in different applied magnetic fields. For the latter characterization, a small anomaly in the low temperature region was interpreted as a signature of long-range magnetic ordering.
Recent first-principles calculations [21] on both Sr 2 YIrO 6 and Ba 2 YIrO 6 compounds gave another explanation for this behavior. In Ref [21] the authors argue that the breakdown of the J = 0 state in Sr 2 YIrO 6 would be due to a band structure effect rather than the noncubic crystal field effect. However, a posterior report by Pajskr et al. [22] combining several numerical and semianalytical methods to study the band structure of both compounds contradicts the conclusions of Refs. [20] and [21] . They found that monoclinic Sr 2 YIrO 6 and cubic Ba 2 YIrO 6 are quite similar, and that both exhibit no tendency towards a magnetic phase transition at low temperatures.
More recent works on polycrystalline samples of the series Ba 2−x Sr x YIrO 6 [23, 24] did not observe any signature for long-range magnetic order in this material in their magnetic susceptibility characterization, in strong contrast with Cao et al [20] . On the contrary, these reports reinforce the notion of a non-magnetic ground state dominated by strong SOC. In both reports [23, 24] the magnetic characteristics of the system do not change significantly across the series, and the effective magnetic moment per Ir is much less than the value expected for a S = 1 system as reported by Cao et al. [20] , demonstrating a strongly SOC dominated ground state.
In this work, in order to settle the dispute described above, we present a combined structural, magnetic and thermodynamic characterization of Sr 2 YIrO 6 single crystals. Structure and composition of the crystals were thoroughly characterized by single crystal X-ray diffraction (XRD), synchroton powder XRD, energy dispersive X-ray spectroscopy (EDX) and scanning electron microscopy (SEM). The single crystal XRD data show evidence of a cubic supercell. We particularly analyze the specific heat of this material, in order to study the anomaly reported in [20] . In our studies no long-range magnetic order was found even in fields up to 9 T. The magnetic contribution to the specific heat was extracted, finding a Schottky anomaly due to a small amount of magnetic impurities. Further analysis suggests non-negligible spin correlations, which nonetheless, are not associated with long-range magnetic ordering. SrCl 2 (Alpha Aesar, 99.5%) was used as the flux. The stoichiometric amount of starting materials and the flux were mixed using a nutrient to solvent weight ratio 1:13. All constituents were put in a platinum crucible (50 cubic ml) with a platinum lid. The crucible edge and lid were squeezed to semi-seal the crucible assembly. The set-up was heated to different high temperatures (1200 • C, 1250
• C and 1300
• C), held for 24 h and then cooled to 900
• C with different cooling rates (0.5
• C/h and 2
• C/h). The furnace was switched off afterwards and cooled to room temperature.
The crystals were found at the bottom of the crucible and were separated by dissolving the flux in water. After that, in order to gain a better understanding of the growth, the Sr 2 YIrO 6 crystals were examined by optical microscopy. As depicted in Figure S1 [25], crystals have different morphologies: cubic-like or irregular polyhedral. The cubic ones correspond to the pure Sr 2 YIrO 6 phase and the irregular ones seem to be cubic crystals inter-grown with each other due to additional nucleation sites. All our attempts to avoid the co-crystallization of irregular shaped crystals by varying the hold temperatures, cooling rates and material to flux ratio have been failed. For the following studies, we used the samples grown by cooling down from 1200 • C to 900
• C with a rate of 2 • C/h and material to flux ratio of 1:13.
B. Characterization
A bunch of single crystals of Sr 2 YIrO 6 with different morphologies were selected and mounted on the tip of a glass fiber for X-ray Diffraction (XRD). Intensity data were collected at room temperature using ω scans on a STOE imaging plate diffraction system (IPDS-II) with graphite-monochromatized Mo Kα radiation (λ = 0.71069Å) operating at 50 kV and 40 mA using a 34 cm diameter imaging plate. Individual frames were collected with a 4 min exposure time and a 0.8
• ω rotation. X-AREA, X-RED, and X-SHAPE software packages [26] were used for data collection, integration, and analytical absorption corrections, respectively. SHELXL [27] and JANA2006 [28] software packages were used to solve and refine the structure.
High-resolution synchrotron powder diffraction data were collected at the beamline P02. Properties Measurement System (PPMS) from Quantum Design. The heat capacity of the sample holder (addenda) was determined prior to the measurements for the purpose of separating the heat capacity contribution of the sample from the total heat capacity.
III. RESULTS AND DISCUSSION
Sr 2 YIrO 6 orders in the double perovskite type structure with the general formula After an anisotropic refinement of all atoms, a difference electron density Fourier map calculated with phases based on the final parameters shows maximum and minimum residual peaks of +2.03 and -2.58 eÅ −3 , respectively. A detailed examination of reconstructed precession images of the hk0 layer (Figure 1(b) ) shows strong diffraction maxima due to the small subcell and additional weak peaks forming distinctive groups of four reflections around the allowed peaks. All those extra peaks can be indexed with the
where a, b and c are the unit cell dimensions of the monoclinic subcell. The integrated data with the √ 2a × √ 2b × 1c supercell suggests that Sr 2 YIrO 6 crystallizes in the cubic space group F m3m with lattice parameter, a = 8.1773(7)Å.
The crystal structure of the supercell based on our refinement, shown in Figure 1 (c), is built up of corner-sharing IrO 6 and YO 6 octahedra units, which feature an ordered rocksalt like arrangement, and the Sr placed in between. Please note that the Ir 5+ ions in this structure build up a FCC network, a general feature of the double perovskite type structure.
The single crystal XRD refinement by taking into account the supercell shows excellent agreement factors of R obs = 1.65 % (for I > 2σ(I)) and R all = 3.79 % and less electron density difference after an anisotropic refinement of all atoms, i.e. maximum and minimum residual peaks +1.06 and -0.98 eÅ −3 , respectively. The parameters for data collection and the details of the structure refinement are given in Table I . Atomic coordinates, thermal displacement parameters (U eq ) and occupancies of all atoms are given in Table II . Anisotropic displacement parameters (ADPs) and selected bond lengths and angles are given in the supplemental material, Tables S1 and S2 [25].
In the Sr 2 YIrO 6 subcell, the monoclinic distortion is very small, as presented in Figure   1 • . Our experimental results on single crystal XRD are in good agreement with the theoretical paper reported by Pajskr et al. [22] , which claims that the non-cubic crystal field of Sr 2 YIrO 6 is found to be rather weak and that Sr 2 YIrO 6 is quite similar in terms of structure and low-energy properties to the cubic Ba 2 YIrO 6 analog [32] .
The results of our Rietveld refinement, agreement factors, and refined lattice constants • and R f = 2.11, R Bragg = 2.01 and reduced χ 2 = 2.32. The result of the Rietveld refinement of the synchrotron XRD data using the cubic structural model discovered by single crystal XRD is depicted in Figure S3 . Please note that both the monoclinic and the cubic model describe the synchrotron powder XRD data reasonably well with a slightly better fit by the monoclinic model (Bragg R-factor 2.11
for the monoclinic vs 3.46 for the cubic one). However, this difference is not significant since the larger number of fit parameters for the monoclinic model will yield better fit results as such. Hence, is very difficult to decide which model, monoclinic or cubic, is correct using powder diffraction data only. We emphasize that single crystal diffraction data is required to find the cubic emu/mol Oe, which is in agreement with similar 5d 4 compounds [32, 33] . It is worth to notice that the obtained effective magnetic moment µ ef f = 0.21µ B /Ir is much smaller than the value 2.38µ B /Ir expected for a conventional S = 1 5d-electron system as mentioned by Cao et al. [20] , but it is in close agreement with the value µ ef f = 0.16µ B /Ir reported for polycrystalline Sr 2 YIrO 6 [23] . As will be shown below, the paramagnetic signal can be attributed to a small percentage of paramagnetic centers (less than 1%), so it is likely that the Curie-tail in the magnetic susceptibility stems from paramagnetic impurities in the Sr 2 YIrO 6 sample, only. In view of the antiferromagnetic transition at T N = 1.3 K in 7 T magnetic field which has been observed in Ref. [20] , we performed further magnetization studies at low temperatures and at high magnetic fields. From our experimental data no magnetic transition is detected down to 0.43 K, even for applied magnetic fields up to 5 T (see Fig.4) [34]. The magnetization of Sr 2 YIrO 6 as a function of applied magnetic field is shown in Fig. 5 for T = 0.48 K. In agreement with the temperature dependent measurements, the magnetic behavior at lowest temperatures is predominantly paramagnetic, and the curve can be fitted with the modified Brillouin function:
In this expression n represents a scaling factor which gives the percentage of paramagnetic The temperature independent susceptibility value χ 0 is slightly larger than the value ob-tained from the Curie-Weiss fitting Fig. 3 . This discrepancy could be due to non-negligible spin correlations at low temperature which are not included in Eq. 5, or to a temperaturedependent contribution to the Van Vleck susceptibility. It is worth to notice that no metamagnetic features arise in the field dependence of the magnetization in contrast to Ref. [20] , where a sharp metamagnetic transition has been observed at the critical field H c ≈ 2.6 K at T = 0.5 K. The low temperature specific heat in different magnetic fields is shown in Fig. 6 . A small anomaly is observed below T ∼ 5 K in all the curves, including the zero-field data, and which becomes more pronounced in applied magnetic fields of 1, 3, and 5 T. This peak shifts to higher temperature and broadens with increasing magnetic fields, which in principle suggests its magnetic origin. However, its magnitude is small, and instead of being a sharp, λ-like anomaly, pointing towards a second-order phase transition, it resembles more a hump-like feature. This makes it difficult to identify the anomaly as a real magnetic phase transition.
In Ref. [20] , Cao et al. detect a similar anomaly for their Sr 2 YIrO 6 single crystals, in qualitatively and semi-quantitative agreement with the one observed here. In [20] , the anomaly in the specific heat was interpreted as the onset of long-range magnetic order, due to its proximity to the ordering temperature T N = 1. To gain a deeper insight into the origin of this anomaly, the lattice contribution was modelled for 6 K ≤ T ≤ 10 K using the approximation C p,lattice = βT 3 + δT 5 in order to disentangle possible magnetic contributions in Sr 2 YIrO 6 (Fig. 7) . The extracted magnetic contribution shows a broad anomaly. From the fit parameters β = 2.52 × 10 −4 J/mol K 4 and δ = 4.36 × 10 −7 J/mol K 6 , the Debye temperature Θ D = 425.7 K was calculated. This value is comparable with those obtained for other double-perovskite materials [37, 38] and iridium-based compounds [33, 39] .
Considering that the fitting range was small and chosen to follow the best-fitting procedure in combination with sufficient statistics, the extracted magnetic contribution to the specific heat has only a semi-quantitative character, i.e. the assumption ∆C p,mag = 0 for T ≥ 6 K has been applied. Thus, in order to model the magnetic contribution to C p in the following a subtraction of the zero-field data from the corresponding field data was per-formed, yielding the field-dependent magnetic specific heat. The subtracted data are shown in Fig. 8(a) . The shape of the ∆C p,mag /T curves resembles a two-level Schottky anomaly, shifting to higher temperature with increasing magnetic field. Consequently, the magnetic contribution shown in Fig. 8(a) was modelled as the subtraction of two Schottky anomalies, i.e. C m (T, H) = C Sch (T, H) − C Sch (T, 0). Following this reasoning, the peaks were fitted in the range 0.4 K ≤ T ≤ 6 K with the following expression:
where n is the concentration of paramagnetic impurities, ∆ 0 is the energy separation between the two levels in zero magnetic field, and ∆(H) = gµ B H represents the Zeeman splitting in an applied magnetic field H. The fits are shown in the Fig. 8(b) . According to the fit, a value ∆ 0 = 0.25 K was found for the gap at zero field together with n ≈ 0.7 %, indicating that the anomaly is only based on a small amount of paramagnetic impurities, instead of being due to a real long-range magnetic ordering of all iridium atoms in Sr 2 YIrO 6 .
While the fits reasonably describe our data for H ≤ 5 T, a slightly different behavior is found for H ≥ 7 T with a lacking peak at low temperatures in our experimental data. This We emphasize the fact that both the paramagnetic susceptibility and the Schottky twolevel anomaly can be ascribed to the presence of correlated impurity spins Ir 4+ or Ir 6+ .
With this in mind, the Zeeman splitting between the two lowest energy levels obtained from the former fits can be plotted as a function of applied magnetic field (see Fig. 9 ). From ∆ = gµ B H the Landé g factor was found to be g = 2.1(4), which is consistent with the g factor obtained from the Brillouin fit, g = 2.1(0).
Finally, we can evaluate the magnetic entropy S mag for our samples by integrating the zero-field specific heat data from Fig. 7 according to the expression: The resulting curves for C p,mag /T and S mag (T) are shown in Fig. 10 . The small value S mag = 0.021 J/mol K is of the same order of magnitude as reported by Cao et al. [20] (∼ 0.01 J/ mol K). This non-zero value again points to the presence of paramagnetic impurities, which need to be taken into account. For a S = 1/2 ground state of Sr 2 YIrO 6 as claimed in Ref. [20] , a total entropy S mag = R ln(2J + 1) = R ln(2) = 5.76 J/mol K is expected, which is evidently far from the experimental observations. Nevertheless, considering the small and finite number of n impurities in our samples with presumably J = 1/2 contributing to the magnetic entropy, we have S mag = 0.021 J/mol K = nR ln(2), and therefore n ∼ 0.4%. Overall, our magnetic and thermodynamic characterization is consistent with a non-magnetic ground state of Sr 2 YIrO 6 with the presence of a small amount of correlated J = 1/2 paramagnetic centers. From our results, it is clear that the low temperature specific heat anomalies are not related with the onset of long-range magnetic order.
IV. CONCLUSIONS
Following a recent matter of debate as to the evolution of magnetism in monoclinic A thorough study of the specific heat was carried out, in which a broad anomaly in the low temperature region T ≤ 5 K was identified as a Schottky anomaly caused by paramagnetic impurities present in the sample, which are of the same order of magnitude (n ∼ 0.4−0.7 %)
as obtained from magnetization measurements. Our results are in strong contrast with the reported ones by Cao et al. [20] , but in full agreement with recent reports on polycrystalline samples [23, 24] , pointing towards a non-magnetic ground state with the presence of a small amount of correlated J = 1/2 impurities.
